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SUMMARY

Results are presented of a wind-tunnel investigation to evaluate the

static and dynamic stability derivatives of a model with a low-aspect-

ratio unswept wing and a high horizontal tail. In addition to results

for the complete model 3 results were also obtained of the body alone_

body and wing# and body and tail. Data were obtained in the Mach number

range from 0.65 to 2.2_ at a Reynolds number of 2 million based on the

wing mean aerodynamic chord. The angle-of-attack range for most of the

data was -11.5 ° to 18 °. A limited amount of data was obtained with

fixed transition.

A correspondence between the damping in pitch and the static stabil-

ity_ previously noted in other investigations_ was also observed in the

present results. The effect observed was that a decrease (or increase)

in the static stability was accompanied by an increase (or decrease) in

the damping in pitch. A similar correspondence was observed between the

damping in yaw and the static-directional stability.

Results from similar tests of the same model configuration in two

other facilities over different speed ranges are presented for comparison.

It was found that most of the results from the three investigations

correlated reasonably well.

Estimates of the rotary derivatives were made using available pro-

cedures. Comparison with the experimental results indicates the need

for development of more precise estimation procedures.



INTRODUCTION

The field of dynamic stability of aircraft has in recent years become
one of major importance. Advances in the fields of propulsion, structure,
and aerodynamics have each lead to such a reduction in dynamic stability
that, at least for highly maneuverable types of aircraft, the dynamic
stability of the configuration must be considered in the design from its
inception.

In keeping with the growing importance of this field, added emphasis
has been put on theoretical and experimental methods for obtaining those
quantities which determine the principal aerodynamic contribution to the
stability of an aircraft, the dynamic stability derivatives. Exact solu-
tions for most dynamic stability derivatives are extremely difficult to
obtainj primarily because of the complicated interference effects between
the various componentsof a given configuration. For this reason experi-
mental results and empirical estimation procedures provide the major
source of dynamic stability derivatives fcr new configurations. At the
AmesResearch Center3 equipment now existE for measuring the dynamic
stability derivatives in several wind tunnels whose combined speed range
provides effectively a continuous Machnumber spectrum from 0.2_ to 3-5
inclusive.

References i and 2 present results of such investigations for the
configuration of the present report in th_ Machnumber ranges 0.25 to 0.94
and 2.5 to 3-5. The purpose of the preseI_ investigation was to obtain
data in the Machnumberrange between these two sets of results to
determine the degree of correlation of d_a obtained in the various
facilities, to comparethe experimental results with available estimation
procedures, and to contribute to the store of experimental results which
must be assembled if more accurate empirical estimation procedures are
to be developed in the future.

NOTATION

Definitions of the symbols used in tae report are as follows.
used only in the appendix are defined in the appendix.

b2
A wing aspect ratio, -_

b wing span

wing meanaerodynamic chord

CI distance from body nose to oscillat_ion axis

Symbols



CD

CL

drag
drag coefficient, _ PV2S

2

lift coefficient_ lift

k pvas
2

C Z rolling-moment coefficient_ rolling moment

pv2sb
2

C m pitching-moment coefficient_
pitching moment

i pV2S_

CN normal-force coefficient_ normal force

! pv2s
2

C n yawing-moment coefficient_ yawing moment

l_pv2sb
2

Cy

Cm_Cm_, CN(_ 1

C z_,Cn_,Cy_ I

CNq_ CN_

Cmq,Cm&

Cnr,Cn_,C_ p

Cyr_Cy [

f

side-force coefficient_
side force

i_pV2S
2

derivatives with respect to subscript

derivatives with respect to 2V x subscript

derivatives with respect to _-_-x subscript
2V

oscillation frequency_ cycles per unit time

body length
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_H horizontal-tail length

_v vertical-tail length

M Mach number

p rolling velocity

q pitching velocity

R Reynolds number

r yawing velocity

S wing area

Sb body cross-sectional area at base

Sm mean cross-sectional area of body

V velocity

Xo distance from wing apex to moment center, positive for moment center

behind wing apex

Zv height of center of pressure of vertic6CL tail above x axis

angle of attack, radians unless noted (therwise

angle of sideslip, radians unless noted, otherwise

F dihedral angle, positive for tip chord above root chord, deg

5 horizontal-tail deflection, deg

e effective angle of downwash at horizontal tail, radians unless other-

wise noted

A wing leading-edge-sweep angle, positiwi: for sweepback, deg

h wing taper ratio, tip chord
root chord

p air density

a effective angle of sidewash at vertica2, tail, positive for velocity

component along negative Y axis, r_dians unless otherwise noted



circular frequency of oscillation, 2_f, radians per unit time
d()
dt

Subscripts attached to a coefficient in parentheses indicate the contribu-

tion to that coefficient by the component indicated, as follows:

B body

W wing

H horizontal tail

V vertical tail

MODEL ANDAPPARATUS

Description of Model

The sting-mounted model was geometrically similar to the one used in

the investigation reported in references 1 and 2, and consisted of an

unswept wing of aspect ratio 2.44, a horizontal tail mounted in a high

position on a vertical tail, and a body with a circular cross section

modified by the addition of a canopy and protuberances simulating side

inlets. A photograph and a dimensional sketch of the model are shown

in figures 1 and 2. The airfoil sections for the wing, vertical tail,

and horizontal tail were elliptical over the forward 50 percent of the

chord and biconvex over the rear 50 percent. The forward 2.5 percent of

the elliptical wing cross section was modified to form a sharp leading

edge. Thickness ratio of the wing was 3.4 percent_ of the horizontal

tail 5 percent_ and of the vertical tail 5 percent at the root tapering

to 3.4 percent at the tip.

Except for the brackets which attached the horizontal tail to the

vertical tail, the entire model was constructed of magnesium. The brackets

were made of aluminum, and provided a range of tail deflections from

+6 ° to -16 ° in approximately 2° increments.

In some tests the location of boundary-layer transition was fixed by

means of 0.010-inch-diameter wire at the 10-percent chord of the wing and

horizontal tail, and circling the body 2 inches from the nose. The wire

size was selected on the basis of the results of reference 3-



6

Static tests were made with a 2-1/2-inch_[iameter_ six-component,

strain-gage balance. Dynamic oscillatory tests were made with balances

similar to those described in reference 4. The principal differences

between the balances used in the present investigation and those described

in the above reference were:

(i) A reduction in diameter from 4 inches to 2-1/2 inches.

(2) The addition of the rolling-moment ga_e on the inclined axis

balance for the purpose of measuring the rolling moment in phase with

angular velocity.

(3) The use of the accelerometers which were used to cancel electri-

cally the output of the rolling-moment gages due to products and moments

of inertia. Pictures of the dynamic balances are shown in figure 3. The

oscillation axis of the disassembled balance is normal to its longitudinal

axis, and the oscillation axis of the other balance is inclined at 45 ° to

its longitudinal axis.

Test Facility

This investigation was conducted in the Ames 6- by 6-foot supersonic

wind tunnel which is a closed-circuit variable-pressure type with a Mach

number range continuously variable from 0.65 to 2.22. The test section

has a perforated floor and ceiling and a boun(ary-layer-removal system to

enable uniform flow to be maintained at trans(.nic and low supersonic speeds.

TEST AND PROCEDURES

Range of Test Variabl,_s

Mach numbers of 0.65, 0.90, 0.94, 1.00, L.10, 1.30, 1.50, 1.70,

io90 , and 2.20 were covered in the investigatLon. The test Reynolds

number based on the mean aerodynamic chord wa_ 2 million.

For the static tests the angle-of-attack range was from -6° to 21°;

the deflection of the horizontal tail was 0.i _ for tests made throughout

the range. For the dynamic tests, it was necessary that the pitching
moment be small in order that the balance not deflect under static loads

and prevent oscillation of the model. Hence_ for dynamic tests of the

complete configuration_ the deflection of the horizontal tail was varied

in the range from -ii.8 ° to 4.1 ° and tests were made at the angle of

attack where the static pitching moment was approximately zero for each

tail deflection. The angle of attack was al_ays within the range from

-ii.5 ° to 18 °. For the body-tail configuration, the tail deflection



was fixed at 0.i ° and data were obtained only at one angle of attack at
each Machnumber. The various tail deflections and corresponding angles
of attack used during dynamic tests of the complete configuration were
also investigation during static tests of the complete configuration to
permit comparison of the data obtained by the two techniques.

The oscillation amplitude of the dynamic test was 1.5°. The oscil-
lation frequency varied from 8 to 12 cycles per second3 depending on the
momentsof inertia and the aerodynamic restoring momentsof the various
configurations. The reduced frequency w_/2V varied from 0.008 to 0.03.
The center of oscillation was at a point corresponding to either 25 or
35 percent of the wing meanaerodynamic chord_ the major portion of the
investigation being conducted at the forward location.

Reduction of Data

The methods and instrumentation used in obtaining the forces and
momentsfrom the oscillation measurementsof the balance during the
dynamic tests are completely described in reference 4. All force and
momentcoefficients were reduced to standard form as defined in the
Notation. The two force coefficients_ CL and CD, are referred to the wind
system of axes and the remaining coefficients are referred to the body
system of axes shownin figure 4. For both systems_ the origin is at
the center of momentsat a point on the fuselage reference line corre-
sponding to 2D percent of the wing meanaerodynamic chord.

Factors which mayaffect the accuracy of the wind-tunnel results and
corrections madethereto in reducing these results to the coefficients
presented herein are discussed below.

Stream variations.- Surveys of the stream characteristics of the Ames

6- by 6-foot supersonic wind tunnel showed that in the region of the test

section_ stream curvature was negligible and axial static-pressure varia-

tions were usually less than ±i percent of the dynamic pressure. This

static-pressure variation resulted in negligible longitudinal-buoyancy

corrections to the drag. Therefore, no corrections for stream curvature

or static-pressure variation were made in the present investigation.

From tests of various models in the normal and inverted attitudes,

the stream angle in the pitch plane was found to be less than ±0.3 °

throughout the Mach number range, and no corrections to the data were

made for these angles.

Support interference.- The effects of model support interference on

the aerodynamic characteristics obtained during the static tests were

considered to consist primarily of a change in the pressure at the base

of the model. However_ the drag data presented herein contain no base
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drag component since the base pressure was _asured and the drag adjusted

to correspond to that in which the base pres_ure was equal to the free-

stream static pressure. Therefore no corrections were made to take into

account support interference on the static test data.

Another aspect of what might be termed support interference, which

must be considered for the dynamic tests 3 is translation of the model

center of oscillation due to operation close to the support resonance

frequency. In general, such a coupling of model and support causes an

apparent change in both the static aerodynamic restoring moments and

the damping of the model. In anticipation o_ this difficulty, the dynamic

apparatus was provided with a variable-length sting. A series of tests

was made with systematically varied sting lengths from the one extreme

of sting length sufficiently long that the support resonant frequency was

close to model oscillation frequency 3 to the other extreme of sting length

so short that support aerodynamic interference was excessive. Examination

of these data enabled a sting length to be chosen such that both coupling

and aerodynamic interference effects were reduced to acceptable values.

Tunnel-wall interference.- The effectiveness of the perforations in

the wind-tunnel test section in preventing choking and absorbing disturb-

ances at transonic and low supersonic speeds has been established experi-

mentally. Unpublished data from the wind-tunnel calibrations indicate

that reliable static data can be obtained throughout the Mach number range

if certain restrictions are imposed on model size and attitude. The

configurations and method of testing used ir the present investigation

conform to these restrictions so that static data obtained at transonic

and low supersonic speeds are reasonably free of interference effects.

Tunnel-wall interference effects on th_ dynamic data are very difficult

to determine. As discussed in reference 53 aerodynamic resonance can very

strongly influence the results of a two-dimensional wing oscillating in a

tunnel with solid walls. However 3 because of the three-dimensional nature

of the present investigation plus the dist_%ance-absorbing characteristics

of the tunnel-wall perforations mentioned _,ove, it is believed that tunnel

resonance effects were negligible_ and no c_,rrections to the data were

made.

Internal damping of oscillation mechanism.- The damping measured by

the oscillation apparatus was the sum of the aerodynamic damping of the

model and the internal damping of the oscil_lation mechanism. Although

the internal damping was always a very small quantity_ its value was

determined prior to each run by oscillating the model in still air with

the tunnel evacuated and subtracting this w_lue from the measured damping

under test conditions.
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EXPERIMENTAL RESULTS

All moment data from the static test and all force and moment data

from the dynamic test are presented for a center of moments and center

of oscillation corresponding to 2_ percent of the mean aerodynamic chord.

Longitudinal Test Results

Static test results of angle of attack_ pitching-moment coefficient,

and drag coefficient are shown as a function of lift coefficient in

figure _ for each of the configurations tested. Additional data not

shown in the figure were obtained for the complete configuration for a

range of horizontal-tail deflection angles from +4.1 ° to -i_.8 °. These

data were obtained for a limited range of lift coefficients near trim

for each tail deflection for purposes of comparisom with the data at

trim conditions obtained during the dynamic tests and to calculate the

downwash angle at the horizontal tail and the horizontal-tail
effectiveness.

The rate of change of effective downwash angle_ d_/d_ at the hori-

zontal tail on the complete configuration is shown in figure 6_ together

with the horizontal-tail effectiveness parameter Cm$. The values shown

are approximate because of the limited amount of data obtained for the

various tail deflections. The values of CmB were computed by dividing

the tail deflection into the pitching-moment increment trimmed by that

deflection; that is_

Cm5 = _trim- O.1

_trim

Results indicated Cm5 to be independent of angle of attack. The values

of c were obtained as follows: The pitching-moment contribution of

the horizontal tail on the complete configuration is

(Cm) H = (Cm)BWVH- (Cm)BW = Cm6(_-c+$ )
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in which it is assumedthat the contribution of the vertical tail is
negligible. When

(Cm)BW= (Cm)BWVH

then

(Cm) H = 0

and

At trim

(Cm)BWVH = 0

so that

(Cm) H = -(Cm)Bw

and

(Cm)Bw
e=a.+_+ (3)

Cm5

Because of the approximate nature of the tail effectiveness, Cm5 ,

the average downwash angles computed by me_:ms of equation (3) were also

approximate. Wherever possible, the true average downwash angle given

by equation (2) was computed, and comparis.m of results from the two

equations showed good agreement. The available data generally restricted

the use of equation (2) to the lower angles of attack, and the high angle

of attack results of figure 6 were therefore obtained primarily from

equation (3).

The slope of the pitching-moment curve, Cm_, obtained from both the

static and dynamic tests and the damping-iz-pitch parameter Cma + Cm_

are shown in figure 7 as a function of angle of attack and in fl^_gures 8

and 9 as a function of Mach number. The static and dynamic data are for

conditions at or near trim because of the previously mentioned restrictions

imposed by the oscillation technique.

The static force derivative, CN_ , obtained from the dynamic tests

and the dynamic force derivative, CNq + CN_ s are shown for the complete

configuration in figure lO. The derivative CN_ was obtained by means

of the transformation equation (A3) given in the appendix and the data

obtained at oscillation centers at both 2_ and 35 percent of the mean
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aerodynamic chord. Data obtained at both oscillation centers together

with equations (A2) and (A4) were used to compute CNq + CN_. These

latter data may be combined in equation (A4) with the data of previous

figures to compute the damping in pitch about any arbitrary center-of-

gravity position.

Lateral Test Results

The static lateral-directional derivatives_ C_ , Cn • Cy • obtained

from the static and dynamic tests are presented in figure ii as a function

of angle of attack. The data for the complete configuration at zero

angle of attack are plotted as a function of Mach number in figure 12.

The derivatives obtained from the static test are approximate in that

they were computed as the coefficients at a constant sideslip angle divided

by the sideslip angle. The sideslip angle was chosen to be i ° in order

to eliminate as much as possible the effect of any nonlinearity of the

coefficient with angle of sideslip_ and thus to obtain derivatives com-

parable with those obtained from the dynamic test which was run at 1.5 °

amplitude. The dynamic test values of Cyp for the complete configura-

tion were obtained from results at oscillation centers at both 25- and

35-percent mean aerodynamic chord using equation (A7) of the appendix.

The yawing-velocity derivatives• CZr - CZ_ cos _ and Cnr - Cn_ cos _

are presented as a function of angle of attack in figure 13 for each of

the configurations tested. These data for the complete configuration at

zero angle of attack are presented as a function of Mach number in fig-

ure 14. Equations (A6) and (AS) of the appendix were applied to the

damping in yaw obtained for the complete configuration oscillated at the

25- and 35-percent mean aerodynamic chord in order to compute the

derivative CYr - Cy_ cos _ shown in figures 13 and 14.

The rolling-velocity derivatives, CZp + CZ_ sin _ and Cnp + Cn_ sin _

are presented as a function of Mach number for the complete configuration

at zero angle of attack in figure 15. It was found that these derivatives

were sensitive to the support vibration mentioned earlier• and were more

affected by support aerodynamic interference for a given sting length than

the lon_itudinal derivatives. In an attempt to eliminate these difficul-

ties, the data shown in figure 15 were obtained by oscillating the model

in the maximum stiffness plane of the support on a sting sufficiently

long to eliminate aerodynamic interference; for these tests only, there-

fore, the model was oriented so that the wing was in the vertical plane.
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ESTIMATESOFROTARYSTABILITYDERIVATIVES

The rotary derivatives were estimated bF available estimation pro-
cedures where possible. For those quantities for which no published
theory or estimate was available_ estimates were derived.

Longitudinal Stability Derivatives

Estimate of Cmq + Cm_.- The damping in pitch of a body of high

fineness ratio is given by slender-body theory (see, e.g._ ref. 6) as

(Cmq+ cm&)B - 4sb (z _ c_)2 (4)
SH e

The damping contributions of the wing at subsonic speeds were

estimated from the following equation given in reference 1.

(Cmq)w = _ 9_/_ i + _; i (9)

At supersonic speeds the damping contribution was estimated from the

expression for a rectangular wing given in reference 7which_ for a center-

of-gravity position of 25-percent chord 3 bec:omes

(Cmq + Cm&) w - 7 + i + _ 2(Ma+l) (6)
4A(_-l) 3<_-1)3_ 3A(_-l)2

This equation is valid for A_-_ _> I.

The damping in pitch of the horizontal tail was calculated from the

expression (ref. 8)

(Cmq + Cn_) H = (2 Zl_/_) [l+(d,:/dcL) ]Cm8 (7)

The horizontal-tail contribution to the dam?ing in pitch of the complete

configuration was estimated using the value; of de/d_ and Cm5 from

figure 6. The tail contribution to the damping in pitch of the body-tail

combination was estimated on the assumption that de/d_ was zero for

this configuration at small angles of attac_. The values of Cm5 used

in the estimate were again obtained from figure 6.
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Estimate of CNq + CN_.- The normal force due to pitching velocity

given by slender-body theory is (see_ e.g._ ref. 6)

(cNq+ c_a)_--(4/s_)[(z-cl)%+zs_]

The normal-force contribution for a rectangular wing at supersonic

speeds due to pitching about the quarter chord can be obtained from

reference 7-

(CNq + CNa) W _ 2 1 4 + 2(Ma+I) (9)
_-l 3A(_l) (_l) _12 3A(_I) 2

The horizontal-tail contribution to the normal force is

(c_q+ cNa)_--2 [l+(dc/d_)]C_ (lO)

Lateral Stability Derivatives

Estimate of CZr - CZ_ cos _.- No exact theory exists for the rolling

moment due to yawing velocity for a wing. Estimation procedures have been

published (see_ e.g._ ref. 9) but none appear to be applicable at all

speeds. An estimate was therefore developed_ based on a strip theory

assuming an elliptical span load distribution_ which takes into account

wing sweep_ dihedral_ oscillation-center position_ and variation of

angle of attack and dynamic pressure across the span_ but neglects the

effect of spanwise Mach number variations. The estimate was developed

in such a manner that static test data could be incorporated. The result-

ing expression is, for a given angle of attack_

/32e+3_bhh(cN) (CN)w (_)
(CZr)W= k 24xbg/ _ W +

where

e _ cos F - sin A sin F

h Xo cos A sin P

g _a(cosaF - coseA) + cosaA

The contribution of the vertical tail to the yawing velocity deriva-

tives was estimated in a manner similar to that for the contribution of

the horizontal tail to the pitching derivatives. If it is assumed that
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for the angle-of-attack range of interest cos m = i, the vertical-tail

contribution to the rolling moment due to yawing velocity is

(czr - cz%cos_)v---2(Zv/b)(Zv/b)[1-(d_/d_)](Cy6)v (12)

where (Cy_) V is the static stability contribution of vertical tail in the
absence of sidewash. It was assumed that

==L  7-j
-1

which is equivalent to assuming a center of pressure independent of angle

of attack, and that any apparent decrease in tail effectiveness is due to
sidewash. With these assumptions equation (]2) becomes

I Joos
(13)

The static derivatives for the vertical tail were obtained from static

test results as the increment of derivative due to adding the vertical and

horizontal tails to the body-wing configuration. Although the horizontal-

tail contribution to CZr - CZ_ cos _ was net accounted for explicitly,

its effect is included in equation (13) in the static derivatives.

Estimate of Cnr - Cn_ cos _.- The contribution of the body to the

damping in yaw was assumed to be

(Cn r - Cn_ COS _)B = (Cmq + (n_)B(_/b) 2 (14)

The yaw damping of the vertical tail wa_ estimated in the same manner

as the pitch damping of the horizontal tail. If the same assumptions noted

in the estimate for (Cz r - CZ_ cos _)V are 1_sed, the damping of the tail
is

(Cnr - Cn_ cos _)V = 2 (Cyp) i =o 2u(Cnf]) V -

(15)
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The damping contribution of the wing was estimated and found to be

negligible.

Estimate of CYr - Cy_ cos _.- The body contribution to the side

force due to yawing velocity was assumed to be

(CYr - Cy_ cos _)B = (CNq + CN&)B([/b) (161

The tail contribution was computed using the same assumptions used

for other yawing derivatives.

(CYr - Cy_ cos _)V = 2{2[(Cn_)vL ° - [(Cn_)vI_= _)
(17)

Estimate of C_ + CZ_ sin c_, Cnp + Cn_ sin _.- The theoretical

incompressible-flow results of reference i0 were used to estimate the

damping in roll due to the wing at subsonic speeds. Static test data

extrapolated to zero Mach number for the body-wing configuration were

used to form the compressibility correction

I(CZp)WIM=M = I(CZp)W_ o (CN_)M=M
= (CNc_)M=o

(18)

The linearized theory of reference Ii was used to compute the roll damping

of the wing at supersonic speeds. Although the results of this reference

are not valid for the present wing at a Mach number of i.i, they were

extrapolated to that Mach number in order to aid in fairing the estimated

results.

Calculations based on the method of reference 12 indicated that, at

least at low subsonic speeds_ the damping contribution of the vertical

tail was negligibly small as a result of the rolling flow caused by the

wing. This was assumed to be the case at all Mach numbers. The roll

damping of the horizontal tail can be considered to be the result of the

effects of the rolling wing wake_ the sideslip angle generated by place-

ment of the tail high above the roll axis, and the damping-in-roll of the

tail. The first two effects were assumed to cancel, and the roll-damping

contribution of the horizontal tail was estimated by scaling the wing

contribution according to the relative sizes of the wing and tail.

At zero angle of attack the wing and horizontal-tail contribution to

Cnp + Cn__ sin _ was assumed to be zero. The vertical-tail contribution,

due to the rolling wake of the wing_ was again found to be negligibly small.
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DISCUSSION

Longitudinal Results

Aerodynsmuic characteristics.- One of the more significant features

of the static longitudinal characteristics was the loss in static stability

of the complete configuration at the higher angles of attack throughout

the Mach number range of the investigation _d the reduction in stability

at low angles of attack at the high Mach nuJLbers (figs. _ and _). The

loss in stability at high angles of attack was due to the increase in

rate of change of downwash angle with angle of attack_ de/d_ at the

horizontal tail. This downwash characteristic, shown in figure 6_ was

caused primarily by the vortices generated by the fuselage. The powerful

effect of the vortices on the downwash at the horizontal tail_ and hence

the lift of the tail, is shown in figure > by the sharp reversal in the

static stability of the body-tail configuration in contrast to the rela-

tively constant stability of the body alone at high angles of attack.

That this effect persisted even in the pres_nce of the _Ting is indicated

by the correspondence between the angles of attack of the complete con-

figuration and that of the body-tail at whi;h static instability occurred.

Loss of horizontal-tail lift due to stall would also produce the observed

characteristics. However_ the similarity of the wing and horizontal tail

would tend to indicate similar stall characteristics_ and it may be observed

(fig. 5) that _ing stall and loss of stability occurred at widely different

angles of attack.

In contrast to the stability loss at high angles of attack resulting

from the body-induced flow field_ the reduction in stability at low angles

of attack and Mach numbers of 1.9 and 2.2 w_s associated with wing-tail

interference. At these conditions a substaltial portion of the high

horizontal tail was enveloped by a flow field bounded by Mach lines from

the leading and trailing edges of the wing. In this region the value of

de/d_ was large_ theoretically unity, so t lat the stability contribution

of the horizontal tail was small. With incceasing angle of attack the

horizontal tail moved below the wing-inducel flow field_ resulting in a

reduction of de/d_ and an increase in stability. This effect_ altered

at the high angles of attack by the effect >f the body vortices_ is seen

in figures 5 and 6.

The damping in pitch for the complete _onfiguration was stabilizing

throughout the Mach number range of the investigation and varied smoothly

with angle of attack for Mach numbers below 0.90 and above i.i (fig. 7).

In the transonic speed range, however, larg_ variations in damping occurred

thro_h the angle-of-attack range. As noteff previously in references i,

13, and 14_ there is a close correspondence between damping in pitch and

the static stability, Cm_ wherein an increase (or decrease) in damping

accompanied a decrease (or increase) in ststic stability. This effect is

particularly pronounced at transonic speeds.
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The effect of fixing transition (flagged symbols_ fig. 7) was not

consistent at subsonic and transonic Mach numbers. At a Mach number of

1.3 and above; the effects were negligible.

Comparison of static and dynamic test results.- In addition to the

rotary derivatives_ some static derivatives were also obtained during

the dynamic tests; enabling a comparison of these quantities to be made

for the two different test conditions. The static stability derivative

Cm_ presented in figure 7 from the static and dynamic tests in general

agrees very well. The exception is at a Mach number of 1.0 where the

data obtained dynamically deviated from those obtained in the static test

in a manner which tended to smooth the erratic variations exhibited by

the static test data. It is believed that support aerodynamic interference

on the horizontal tail was the primary reason for the deviations. Because

of the oscillating-lift force tending to excite vibrations of the support

structure; it was necessary to use a much shorter sting length than for

the static test; and some aerodynamic interference possibly existed through-

out the transonic speed range.

The comparison of CN_ from the static and dynamic tests (fig. i0)

shows the greatest discrepancy at transonic speeds where, as mentioned

previously_ some aerodynamic support interference probably existed during

the dynamic tests. Because of the manner in which it was obtained from

the dynamic test data_ this coefficient provides a sensitive indication

of such interference. At a Mach number of 1.3 and above, the agreement

with the static test data is good.

Comparison of experiment and estimate.- The estimated damping of the

complete configuration as calculated herein is a function of angle of

attack only through the experimentally determined variation of d_/d_

shown in figure 6. At other than transonic speeds the estimate gave

approximately the correct values and trends with angle of attack (fig. 7)-

At Mach numbers 0.90 through i.i_ however_ since dc/d_ was a smoothly

varying function of angle of attack_ the estimated values also varied

smoothly, rather than following the erratic variations of the experimental

results. The lack of agreement between estimate and experiment at tran-

sonic speeds appears to be due to the inadequacy of the damping estimate

of the wing. That the erratic variations appear to be due to the wing

is evidenced by the damping for the body-wing combination also shown in

figure 7. Although the data for this configuration are rather limited,

they are of sufficient extent to show damping variations of the same order

of magnitude as for the complete configuration. A further inadequacy of

the wing estimate is shown in the lower part of figure 9_ which presents

the damping in pitch of the various configurations as a function of Mach

number. Whereas the linearized theory for the rectangular wing indicates

an unstable trend as the Mach number decreases toward 1.0_ the experimental

results show increasingly stable damping. The same type of discrepancy

was found in reference 15 for a wing of somewhat similar plan form for an
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oscillation center at 35 percent of the meal aerodynamic chord, whereas

results obtained at 20 percent of the mean _erodynamic chord followed the

unstable trend indicated by the theory. At Mach numbers of 1.0 and i.i,

the estimated damping values for the complete configuration are the

contributions only of the body and horizontal tailj because of the lack

of a suitable wing estimate.

The suggestion was made in references 13 and 14 that the correspondence

between the damping in pitch and the static stability could possibly be

used as a basis for damping estimates. The correspondence between the

contribution of the horizontal tail to the static stability and the damping

in pitch is well known. Whereas the static stability contribution of the

horizontal tail when written as

(Cm_) H : Cms[l-(de/d_)]

indicates a destabilizing effect of increasing downwash with increasing

angle of attack_ the damping-in-pitch contribution given by equation (7)

indicates a stabilizing effect. The reasor for the correspondence in the

case of the wing is not so clear. A simpl_ analysis presented in ref-

erence 15 led to the conclusion that a decrease in static stability should

be accompanied by a decrease in damping. Although this conclusion appeared

to explain some of the results of reference 15, it contradicts the obsenved

effect in references 133 14, and the present results. The phenomenon

evidently is not a simple one, and more investigation must be carried out

in order to use it as a means of estimatioz_.

The variation of CNq + CN_ with Mac}_ number is shown in figure i0.
For this derivative the negative trend of _;he estimate as the Mach number

approaches unity_ as a result of linearize_[ rectangular-wing theory_ was

borne out by the experimental results.

Correlation of data with those from o_her facilities.- The comparison

of the static stability Cm_ and damping _n pitch Cmq + Cm_ with data

from references 1 and 2 (figs. 8 and 9) tends to show the greatest dis-

crepancies at transonic speeds. The over-fhl agreement between the data

from the three facilities is good_ however.

Lateral Result

Aerod_aamic characteristics.- Except for radical variations of CZ_

and Cn8 at high angles of attack at Mach mumbers of 0.90 and 0.94

(fig. _l)_ the static derivatives varied relatively smoothly with angle

of attack. In the supersonic speed range, increasing angle of attack was

generally accompanied by a reduction of directional stability. The
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reduction of stability with angle of attack_ coupled with the reduction

of stability at low angles with increasing Maeh number_ resulted in

directional instability of the complete configuration at Mach numbers

of 1.9 and 2.2 at the higher angles of attack.

There was a tendency for the damping in yaw and the static direc-

tional stability of the complete configuration to be related in the same

manner described earlier for the damping in pitch and the static longi-

tudinal stability. This can be seen from a comparison of figures ii

and 13_ although the absence of large fluctuations makes the correspondence

less striking than for the longitudinal data.

Comparison of static and dynamic test results.- The agreement between

the static and dynamic test data shown in figure ii is fair. Some of the

discrepancies between the static and dynamic test results can probably

be attributed to inaccuracies in the static test data because of the small

sideslip angle used. Aerodynamic support interference effects in the

dynamic test data are believed to be negligible since they were obtained

with the maximum sting length available. It is also possible that some

sting vibration existed during these tests_ although none was observed.

At Mach numbers of 0.90 and 0.94 the extreme fluctuations noted in the

static test data made it impossible to test dynamically the winged con-

figurations at the higher angles of attack. The side-force derivative

Cy_ which was computed from dynamic data obtained at two oscillation
positions_ agrees reasonably well with static test results. However_
the scatter in some of these data indicate that the distance between

oscillation centers shouid be greater in order to obtain more consistent

results.

Comparison of experiment and estimate.- The experimental and estimated

results are compared in figures 13_ 14_ and i_. Each of the estimates is

deficient in one respect or another_ and the indications are that the

estimate of the tail contribution is the primary cause. The greatest

discrepancies appear in the side-force derivative CYr - Cy_ cos _ shown

in figures 13 and 14_ and in the yawing-moment derivatives Cnp + Cn_ sin

shown in figure 15. In the case of the side-force derivative_ the erratic
variations with angle of attack make the accuracy of the data suspect.

However_ although the absolute values may be somewhat in error_ the

similarity between the variation of this derivative with Mach number

(fig. 14) and that of CN_ + CN_ shown in figure i0 indicates the trend
of the data to be correct_ The vertical tail provides the primary con-

tribution to the side-force derivative_ and the type of tail estimate

commonly used is inadequate to predict the behavior exhibited by the

experimental results. More sophisticated estimates utilizing wing theory

are evidently needed.
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The yawing-momentderivative Cnp + Cn_ sin _ (fig. i_) is also
caused primarily by the vertical tail. In addition to the spanwise
variation of angle of attack due to rollingj the vertical tail is also
subjected to the flow field from the rolling wing_ and up to the present
time no estimate of these effects suitable throughout the speed range has
been developed.

Correlation of data with those from other facilities.- Results of

the present investigation and those of references i and 2 presented in

figures 8 and 9 have shown good correlation. This is also true of the

static derivatives compared in figure 12. 111 figure 14 the values of

CZr - CZ_ cos _ obtained in the present inw_stigation varied relatively

slowly with Math number. This characteristic is confirmed also by the

data of reference i_ whereas the data of reference 2 indicate a sizable

change between a Math number of 2.2 and 2.5_ as well as a reversal in

sign. The reason for such a change is not known. There may be some

question as to the accuracy of the Mach number 2.5 data inasmuch as the

Mach number 3.0 and 3.5 data of reference 2 appear to follow the trend

of a gradually decreasing value of CZr - CZ_ cos _ with increasing
Mach number.

In figure i_ the comparison of _ + CZ__ sin s with the data of
references i and 2 is fair_ although treld of the present results at

low Mach numbers appears less reasonable tha_ the data of reference i_

and maintains too large a value at high Mach numbers to fair smoothly

+ C n- sinwith the results of reference 2. The present results for Cnp

show good agreement with those of reference i at a Mach number of 0_65

but depart considerably at transonic speeds_ even though the trend of

the data is the same. The comparison at hig_ Mach numbers is very poor_

the results of the present investigation and those of reference 2

exhibiting a similar trend with Mach number _hich_ in conjunction with

the opposite signs of the derivative at Mach numbers of 2.2 and 2.5_

makes the two sets of data appear incompatible. It seems probable_ since

the maximum variation appears to be in the transonic and low supersonic

speed ranges and small aJ_most everywhere els_ that the two data points

in question are in error_ and that above a M_ch number of 1.5 the value

of the derivative is essentially zero.

CONCLUSIONS

This report presents results of static _nd dynamic wind-tunnel

measurements of a model with a low-aspect-ratio unswept wing and a high

horizontal tail. The results of the investigation showed that:
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i. A correspondence between the damping in pitch and the static
stability_ previously noted in other investigations_ was also observed
in the present results. The effect observed was that a decrease (or
increase) in the static stability was accompaniedby an increase (or
decrease) in the damping in pitch. A similar correspondence was observed
between the damping in yaw and the static-directional stability.

2. Comparisonof estimated and experimental results in general showed
inconsistent agreement_ indicating the need to develop moreprecise esti-
mation procedures.

3. Comparisonof the data from the present investigation with
similar results from investigations of the samemodel configuration in
two other facilities in general showedgood agreement.

AmesResearch Center
National Aeronautics and SpaceAdministration

Moffett Fieldj Calif._ Mar. 12_ 1959
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APPENDIX

TRANSFORMATIONOF STABILITYDERIVATIVE_FROM ONE CENTER OF

OSCILLATION TO ANOTHI_

Oscillation center "i" is the axis about which the original deriva-

tives were measured. They will be transferred to a new oscillation

center "2" which is _ feet forward of position "i."

Longitudinal

CNa e = CNal

(c_q + CNa)2 = (CNq + CNa)_

(A_)

2_
+ CN_ -g (m)

Cm_ : Cm_ - CN_ (A3)

(Cmq + Cma)_ = (Cmq + Cm&)_ - (CNq + CNa)_ x 2xc + Cn_l _ CNc,
2(_)2

(_)_

(A4)

Lateral

Cy_e = Cy_l

2_
(CYr - Cy_ cos _)a = (CYr - Cy_ cos _)l - Cy_ _-

(A5)

(A6)

Cn_ 2 = Cn_ l - Cy_
(A7)

(Cnr - Cn_ cos _)a = (Cn r - Cn_ cos o_)I - (CYr - Cy_ cos _)i _ -

2_ 2(_) 2
Cn_1 b Cy_ b

(AS)

CZ_2 = CZ_I (A9)
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(Cz=- cz_oo__)=--(CZr- Cz_¢o__)_- cz_%-

(Czp + CZ_ sin _)e = (CZp + CZ_ sin _)l

(cyp+ cy__ _)=_-(cy_+ cy#_. _)_

(Cnp + Cn_ sin _)e = (Cnp + Cn_ sin c_)l - (Cyp + Cy6 sin c_)1

(A_O)

(_)

(Ju3)
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Figure i.- Photograph of model mounted in wind tunnel.

A-23975
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A-24168. 1

A-24169.1

Figure 3.- Photographs of dynamic balances.
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z

Figure 4.- The body system of axes. All i_ments_ £orces_ angles_ and

angular velocities are shown mn ,he positive sense.



31

0

-o

o

o
o

o
-r-t
gt
_3

,-t

n_

o
o

,,D

0

II

cO

h
o o
q_ -_I

4J
m c6

•,-I.,-I

•r-t 0
% 0

4 _
0
c6
h

0

-r-t
hO

0
.--I

0
.r-t
4"_

-0
UI

0

I

©

b_
-rt



32

0 o_1

_o
c)

II
I

bO
.,-I



33

(U

Oh -P

J o
F..)

II
I

LCh

h

bO



34

0

(1)

I:I
.,4

0 4-)
.

,-I o

II
I

u'x

,d ¢)

bD
.,-t



35

•
H o

c)
II

I
:_

L_x

v _
hO



36

O

O

.H
OQ -p

•
,-t O

ED
It

I

bO



3?

II I
_0 o

-'d "2

0 o 0
m (ID IZI m°

0n_._

t_

\,

\\
\I

III IIIII,
I IIII[I

fll'"[II

II I
III I

_111 [

 "III!
AI

DJII

$.

o

N

o

II I

I I I I I IT o u_ -o

Iiii'irii
I r_,LI I i I I _ <_

IItT_
i i i I I i i I_....,_ o

il_ -- _.
I I I_.._1 I

IIIIPlll
¢ _ I I I_l_l I I o

"_NI I I I _1_11
I (_"_111

I l'_E_kl I I_l_l 0._
I

I I I I I I-'NI_ _
I I I I I I I "hi.

I I I I, ,_.:,
i I i i I i i i i ,>-- - '

_0 " , I" l"



38

o



39

o



4o

,-q
od o

o_
c_)

II
I

t_x

,r-_

v
bO

°H



41

\
\

\

\
\ "\
\ \,.

\
\ \

\
\

"x,

i/
i

\

\\
\

J_

/ "\ i

/
iI'

I

/
\ i

\_ _._ _.i" /
_ I I I_.

\ /

Z

CO _" 0

lo

LO

o

a) l

I

i
/

\

I

i

I
i
I
i
t

\
\
\

o o.
I 1D I

c_

i
/

I

0

eJ

_2

N

9

0

,el
0

"pt

cO

r.D

0

0
"r-I

_J
I>

(1)

_2

©

r-..I
b.O

-0
.r-I

_3

_d

e_
0

0

b>

I

,.£?

®

b_



42

O0 0
I

I

o
I

I

I

I

4-_

0

bO

4_
.rt

I

I

kO

0 4- • _)
o- 0

E _t rd

:N

a3 o

g
I" O

O
-r-t

-_

_ h
_ a3

I

t'--

Q _

N)
-,--I

q



43

I

0
o,.I
I

co

I

I

Q0
I

• _ o ._

r,o °
o + o o

_r o
E I1

I

D--

ra

_ b.O
Q -_

0 E

od
O.

N
0
0,1

_o od o
I I

o.
I



4b.

I

0
N
I

I

I

I

u
0 + ¢_ o

E II
I

D--

o

0 E
,{j

o,I
0

C_

o,I
0
o..I

co 0 co



I

0
c_l

I

I

I

I

©

_I" -H

i_ II
{-P I

0 +_
E b-

u
cD

b.O
.H

Q
I

I'

0 E

oJ
0

o.

e,J
0
o,i

oJ go 0 co



46

I

0
oJ

I

co

I

oJ

I

co

I

E "_
U _-I -_

O+ "
_r ,-I 0

C)
E n

I

D-

Q _

(3.

o E
u

o.

Q

0 1.0 0

I I



47

1

0

I

I

I

00
I

I

0

o.
I

I

o

_J

o.

Q

C_

E

+_ :_
E

U _

q-.t

"0

E
U

0

.r-I

4-J

o
o

I

©

bD
.r-t

0 LO C_
CJ CJ -- --

o
I I



48

0

o

o+_ _ oo
E I1

u I

b-

Q ._

i'-o

o E
u

0,/
o.

q

0 tO

-o
0

0
I I



49

I

0
oJ

I

I

c_

I

00
I

I

E

o+,:,
E

fJ

o
I

N

I

"o
0 E

(..}

c_
o

Q

II

v

g

+_

o
o

I

_a0
-r-t

0 (4:) od 0
I

a3
I



_0

t

0

I

I

1

°_

•
I _ o

c_
,_1 II
E I

U _ °

0 -t-a. _ D'-

E -_ a_

b.O
-r-t

o
I

q _u

u

q

q

Od
0
O4

IJ

0
I I



53

I

0
oJ
I

I.D

I

oJ

I

I

I 0J o

o _ o_
c_

o+o-

v _
.r-I

I

I "o

o E

oJ
o

c_
0
oJ

(,D oJ GO

"o

0

1
00

1



52

8
I'

o.
i 1

Dap Jad 'Dw_)

i I

hap Jad '° w3

i

m

j,

'--I 7 --_--"

J
"/,

- l

\

c

0
n_

0 0,1o. _. o
l I

b_,p J_l 'Dw;)

Od

C

_5
o

Q

Od

0

q-4
0

¢.I
,-4
hi)

8
fl)

©

b_
.r-I
r+4

O
%

rH

_o
A %

(I)
N

_ 4 _

ul

,_ o

_°

°_

#
r_

O

o
-r-t
+-_

°r--I

%

¢)

I

o0

b_
._



53

--oJ

88_

_oo'I
__ m I

i

m "_..
o

.t_
_..="

m

-- o
flrl

0

o _o _ _ _r

-- I

4,=

al

0

T

/

I--
I
I

V
!
I

¢0 ,¢

# I

3 +bw3

0

c

o
rn

I



54

12

IO

i
I

_0S

_06 _
Z

D4

D2

0

/
J

f

J\
f_

0 Dynamic test
..... Static test

16

12

8 d

/
/

f

.... Estimate

Z
0

-t-
o/"
Z

_.)

4

0

-4 /
!

-8
,)

/
-,e II

I

_r

j,J

/
f

-t6
•2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 22

Mach number

Figure i0.- The variation of CN_ and CNq + CN_ with Mach number;

configuration 3 8 = 0.i o.

24

complete



0
! i I



_6

I

o

0 0
I I



57

i •

0

0 ,',

>_a_.

Q

Q
J

©

O_ +_

"_ _ o

b9

CXl _
q

O4
Od 0

I !

8
i °

8.

o_
2_

o.

0

!



_8

?

o

?
0

0

Q.

,d
©

I:I
o,-I

0

!

©

bO

i

013

lil

0
I

iX)

I

0
q
!

Illi
°

i.



59

o
I

0
I I

q
I

0



6o

o



61

I

0

I"

L_ -k)

_ _ o
_ r.D

!

0 _. _ _1
,--I

b.O

-rl

GO

Ip

0
I I

8.
I

0 a.

_y

I



62

i °

o
| i



63

!11 rl
111 II
IIIiii
III II
III II
!il tt

o 2
14 14

--- °_

.9.o
¢-- I---

c c:

>_=_
1D "1_ "tD
O O O

.,_ mmm

0

u I
g J

_o

0

r

i

..°
)

i
i -

-°.,_

,Jl

i
I

i

O

6

I----

h---

I

?

I

i

O

),.

0,1

o.

o.
I

[

E

o

8..

0d

O.

,_-
0
o
I"

q

i 7"

°H

0"_ -t_

-
_-i o

0

. II I

H
_m- I --_ ,-I

Q) .H

bl]
-H



64

!

o.

0

r.-t

0

I!

o - _Q_. f-.,,

o. _o
.rl

C_J

o.

0 _D GO 0
!

GO
I

0
o.

I

"0

QQ.

o.

_o.
I



6_

0

I

___b o" I
I

I

\

N
s_

oJ
0
0

I"

8. 0
Q

I

/..

0,1

Q

/
/

r.--

o,i

cQ
t_J

_ 0
0 0
Q Q

'hap Jad_U 3

c_

//

i/ \; a._
I- \' \ e

¢-

;, , _g

• _.0

' i}__,,__ -

/ ,J _
•" / _

Z :
/

5.;t- Q

; r/t a_
/ i

I !

0

0

_. Q o
I I I

"6ap Jad gA3

o
,-I

c_
II

co

o
o,-I

bO
°,-I

o
o

o

©
,.q

©
rJ

©

0

:_o"
0

4-_ II
-r-t

o

o

o

0

o
.r-t

.r-t

©

I

c_

©

bO



66

0o
c_

0 0
I

0o
I



67

I

o

oy

oJ

0

0 _

I

0 0
I I



68

I

0 0
I I



69

I

G,I

0
I I



7o

I

I
co
I



71

I

0
I



7'2

I

I

0

8

0

0

0
I



?3

III
JJ!

o

_. __
0 0
r" .E

.c_ .E_

gg _g
nn 03 nn rm

ODO_

ol
EI

L_I

I I

iJ!
11..

ll!!

::!!

JJiJ

iijj
11::
I I
t ', : :

; ; : :
! ! i ;

iij
I1..
II

IJlj
II..

_ ed

---(

(

0
e,l

L.

..,(_

(,0

_r

c_ o[)

_r
•.-[l-

-i
r

I

J

!
!

I

/
J

I

_q

L

eO
I

0 "_

i I

oJ U

0

O.
Od

I

0

I 0 "E_"

I

0 U

--ram

0,1--

I

,--I

II

v

d
o

o

I

c_q

_0

L_



74

0

I I



7_

I

I

cJ

.cQ.

0 CJ
I

r_
0

rd
I ;_

,--I

0 _ O_ o
I _ ro

u II
• _. I
c

0 _
I _ ,-t

.r_

o _ _
._. b,O

.ct

u

'_0..

I

0,1
0
0,1

I.D 0

I I I



76

I

I

I

I

I

I

I

l j
/

: n
I
r

!
;I

It

tl
II

II
|1

tl

. o

:\
I

, /.__u
_ f

I L

, I

\

\

I

Dsoo_l3- Jl3

I

-- :=_--

2.

I

i

!
!

J

J

o 5" eaI

o soo._u3-Ju3

°

i
I

I
I

(
/,

--Ij

¢0

L)

6

o0
°a3.

Od
I °

0
o

N _-_ 11

ff d
e4. -,

o _4
O •

o

r.D
cO

c6

O ._t

*_. ©
0

(1)

r.D

Q o

©

.r-t

_3

@

I

(1)

o _



t) 77

cla
¢o cp

g.c_

ec. cl:t..cl

•_ bcr I
I

l
I

I
|

I
I

1--

|

|

l I
-- i

,(

t-! ....

i __ !

o

"()

..................

q
• I I" I"

c_
r_

........

........ j

Z......

...... E

g
u.J
\
%
\

cD

c,D
o,i

---- C_.
CM

Q

C

O4

............

o

I I

c,_s q_ + au3

(1)
.p
(1)

,-I

o
o

o,..

o

.-H

o

.H

c_ II

• c_ d

r0 ,-,
0

+

r.D I1

d

•H O

+_

b_
+ .H

%t

O
rD O

_4
O

O
-H

4-)

,rH

c_
>

g
I

©
%

NASa, - LanI<ley _ie;_ Va .A.-]._.




